INTRODUCTION
============

The orientation of the cell-division axis determines the positions of daughter cells in a tissue and thereby is crucial to the tissue morphogenesis and cell fate decisions ([@B66]; [@B10]). Misoriented cell division can result in various developmental disorders ([@B17]; [@B73]; [@B36]) and may also be responsible for the tumor progression ([@B6]; [@B52]; [@B48]). Cell division orientation is coupled to the mitotic spindle orientation. More than 100 years ago, the cell shape had been thought of as a determinant of spindle orientation, which is known as the \"long axis rule\" ([@B27]). Recent studies also confirmed the correlation between the cell shape and the spindle orientation ([@B50]; [@B63]; [@B44]; [@B78]; [@B39]). However, in many frequently used systems, the adhesion geometry ([@B65], [@B64]; [@B42]), cell polarity ([@B62]; [@B74]), or extracellular mechanical force ([@B13]; [@B25]; [@B60]; [@B12]) sometimes could override the cell shape to determine the spindle orientation.

In general, the long axis of the interphase cell is consistent with the principal direction of the extracellular force or anisotropic adhesion, because these factors can elongate the cell during the interphase ([@B65]; [@B13]; [@B77]; [@B3]). Therefore, the spindle orientation is usually along the long axis of the cell as well as the principal direction of extracellular force or adhesion. It is difficult to distinguish their individual influences on the spindle orientation.

However, this is not always the case. Recent experiments have found some cues about the competition between the cell shape and adhesion. For example, the division of epithelia is usually planar, that is, parallel to the monolayer plane, to maintain the single-layered tissue architecture ([@B58]) ([Figure 1](#F1){ref-type="fig"}, A and B). If the cell rounding is inhibited during the mitotic phase, the spindle could orient along the apico-basal axis due to the columnar shape of the epithelial cell ([@B7]). Furthermore, when one cell spreads on the two-dimensional substrate, the spindle orientation is usually parallel to the substrate due to the pulling of retraction fibers. When the cell is covered by another adhesive surface-coated fibronectin, the spindle orientation tends to be perpendicular to the substrate due to the symmetric distribution of traction fibers on both adhesive surfaces ([@B53]). Interestingly, if the cell is spreading on the substrate coated with E-cadherin as an artificial intercellular adhesion, the spindle orientation also becomes perpendicular to the substrate ([@B19]). This might be induced by coupling the spindle orientation with the intercellular adhesion through E-cadherin, which can recruit the LGN/NuMA complex and apply pulling forces on microtubules through associated dyneins ([@B55]; [@B19]; [@B70]).

![Schematics of the epithelial tissue and the mitotic spindle orientation. (A) Schematics of the epithelial tissue. (B) The spindle orientation is planar, slant, or orthogonal in the side view. (C) The spindle orientation within the tissue plane observed in the top view. It can be regulated by either the polygonal cell shape ([@B77]) or the TCJs ([@B3]).](mbc-30-2458-g001){#F1}

In addition to the competition between the planar and orthogonal directions ([Figure 1](#F1){ref-type="fig"}B), the mitotic spindle of epithelial cells also need to select its horizontal orientation in the top view when the spindle is parallel to the tissue plane ([Figure 1](#F1){ref-type="fig"}C). The spindles of epithelial cells, which usually have the polygonal shapes in the top view during the interphase, could orient either along their long axes ([@B77]) or along the tricellular junction (TCJ) polarity ([@B3]). The TCJs can act as force generators pulling astral microtubules and orienting cell division via the dynein-associated protein Mud (*Drosophila* homologue of NuMA) ([@B3]). If the anisotropy of interphase cell shape is large, the spindle can orient along the long axis of the cell. In contrast, the spindle orientation could be predicted by the TCJ polarity more successfully when the anisotropy of interphase cell shape is small ([@B3]). Moreover, when the cell monolayer is stretched, the spindle tends to orient along the long axis of the interphase cell shape ([@B25]; [@B77]). However, if the epithelial cell monolayer sustains a lower, more physiologically relevant uniaxial stretch (∼12% strain), a part of spindles could align with the stretch axis regardless of the long axis of the interphase cell shape ([@B25]).

These experiments suggest that the intercellular adhesion and cell shape can both regulate the spindle orientation in epithelial cells. If their polarities are different, the two mechanisms may compete with each other. It has been shown that both the intercellular adhesion ([@B55]; [@B3]; [@B7]; [@B19]) and the cell shape ([@B66]; [@B44]; [@B56]; [@B39]) could orient the spindle by exerting forces on astral microtubules. Therefore, their cooperation or competition should be actually implemented by their resultant forces on the mitotic spindle. However, how these coupling mechanisms regulate the spindle orientation is still elusive.

In this paper, we use a general computational model to investigate how the spindle orientation is determined by the competition between the intercellular adhesion and cell shape in the top view and side view of the epithelial tissue ([Figure 1](#F1){ref-type="fig"}). Our results not only quantitatively explain many existing experiment phenomena but also provide many interesting predictions that can be verified in future experiments.

RESULTS
=======

The model reproduces the positioning and orientation of mitotic spindles in different cell shapes and adhesion geometries
-------------------------------------------------------------------------------------------------------------------------

The mitotic spindle is a bipolar structure consisting of large numbers of microtubules and various molecular motors ([@B43]). We have developed a general model for mitotic spindles to study how cell size and cell shape regulate the positioning, orientation, and size regulation of mitotic spindles in our recent studies ([@B30]; [@B38], [@B39]). In this work, the original model is further improved ([Figure 2](#F2){ref-type="fig"}, A and B), and we use two-dimensional (2D) simulations to investigate the orientation of mitotic spindles in different cell shapes and adhesion geometries. In brief, the model considers that microtubules are mainly nucleated from centrosomes and display dynamics, and the bipolar spindle structure can be kept stable through interactions among antiparallel microtubules and interactions between microtubules and chromosomes. Astral microtubules can interact with the cortex and generate pushing force by polymerization or pulling force by cortical dynein, so that the spindle can be positioned and oriented. Through dynamic simulation, we can reproduce the positioning and orientation of spindles (more details are provided in *Materials and Methods* and Supplemental Figures S1--S3 in the Supplemental Materials).

![(A) A typical metaphase mitotic spindle observed in the experiment ([@B59]). Microtubules are labeled in green, and chromosomes are labeled in blue. (B) The simulated spindle in a round cell with the diameter of 20 µm (see also Supplemental Figure S4 and Supplemental Movie S1). (C) The simulated spindle in a stadium-shaped cell with the aspect ratio of 1.5 (see also Supplemental Figure S5 and Supplemental Movie S2). (D) The simulated spindle in a round cell with symmetric intercellular adhesion on the two sides (red region). The adhesive length *L* = 12 µm. The lateral adhesive region has a higher binding rate of cortical dynein than the other regions, and the ratio is *k* = 11 (see also Supplemental Figure S7). Scale bar: 5 µm.](mbc-30-2458-g002){#F2}

First, the cell is regarded as a sphere with the diameter of 20 µm during the mitotic phase in the model. The spindles in the simulation can always be positioned to the cell center from random initial conditions, but the spindle orientation is randomly distributed since the cell shape and the cortical parameters are isotropic (Supplemental Figure S4 and Supplemental Movie S1). To define a specific orientation, we elongate the cell to a stadium shape ([Figure 2](#F2){ref-type="fig"}C and Supplemental Figure S5) or an elliptical shape (Supplemental Figure S6), corresponding to the compression of the round cell ([@B14]; [@B23]) or the stretching of the tissue ([@B16]; [@B77]), respectively. The cell aspect ratio *λ*, that is, the ratio of the long axis to the short axis, is 1.5, and the cell volume (actually the area in the 2D simulation) is same as the round cell. In these cases, the spindle can also be positioned successfully, but always oriented along the long axis of the cell independently of the initial conditions (Supplemental Figures S5 and S6; Supplemental Movie S2). Therefore, astral microtubules can effectively sense cell shape and control the spindle orientation along the long axis.

###### Movie S1

Positioning and orientation of simulated spindles in round cells without adhesion. Several examples show that the spindles in round cells without adhesion can always be positioned to the cell center from random initial conditions in the simulations, but the spindle orientation is randomly distributed since the cell shape and the cortical parameters are isotropic. The cell diameter is 20 µm.

Movie S1

###### Movie S2

Positioning and orientation of simulated spindles in stretched-shaped cells without adhesion. In the cells with the stadium shape (left) or the elliptical shape (right), the spindles can always be positioned to the cell center and oriented along the long axis of the cell shape from random initial conditions in the simulations. The aspect ratio of the shape are all 1.5, and the area is the same as the 20 µm-diameter round cell. Two examples are provided for each shape.

Movie S2

Then, we define two symmetric parts of the cortex as the intercellular adhesive regions on the mitotic rounding epithelial cell ([Figure 2](#F2){ref-type="fig"}D). The E-cadherin on the lateral adhesion can recruit the LGN/NuMA complex ([@B55]; [@B19]). The Par3/Par6/aPKC complex can exclude LGN from the apical cortex to the lateral cortex, which leads to apico-basal polarity ([@B24]; [@B80]). Both mechanisms can result in the consequence that the lateral cortex has a higher level of LGN/NuMA than the apical cortex, and thereby the lateral pulling force is larger due to more associated dyneins ([@B61]). Therefore, we assume the lateral region has a much higher binding rate of cortical dynein than other regions (see *Materials and Methods*). It should also be noted that the distribution of LGN/NuMA complex can be changed by the cortical release and microtubule transport, but maintained by chromosome- and spindle-pole-derived signals after the spindle self-assembly ([@B33]; [@B79]). For simplicity, we assume the parameters of the lateral region are unchanged over time. The binding rate of cortical dynein at the lateral adhesive region is assumed *k* = 11 times larger than at the other regions, and the size of the lateral adhesion region is assumed as *L* = 12 μm. More values of these two parameters and their influences will be discussed in the later sections. In this case, the spindle can also be positioned successfully, and the spindle orientation is perpendicular to the lateral adhesive region, that is, along the adhesion polarity ([Figure 2](#F2){ref-type="fig"}D and Supplemental Figure S7). Owing to the increase of binding rate of dyneins at the adhesion region, binding microtubules will assemble there so that the pulling force generated at the adhesion region is larger than the other regions, and thus the spindle is pulled to orient along the adhesion direction. Therefore, either the cell shape or the intercellular adhesion geometry can regulate the spindle orientation in the simulation.

The competition between cell shape and bilateral intercellular adhesion determines spindle orientation in the side view of the epithelial tissue
------------------------------------------------------------------------------------------------------------------------------------------------

Next, we consider the cell shape and the intercellular adhesion simultaneously to investigate the spindle orientation in the side view of [Figure 1](#F1){ref-type="fig"}. The long axis of the columnar-shaped epithelial cell is usually along the apico-basal axis during the interphase, while the intercellular adhesion polarity is parallel to the tissue plane. If the cell rounding during the mitotic phase is inhibited, the cell shape remains elongated along the apico-basal axis, that is, perpendicular to the adhesion polarity ([@B7]). We consider such a case in the simulation to figure out whether the spindle orientation aligns with the apico-basal cell shape or the planar adhesion polarity. Experiments showed that the cell shapes in the side view are complex, but share a common feature that the long axis is along the apico-basal axis ([@B7]). Therefore, the cell shape is simplified as the stadium shape with a single long axis ([Figure 3](#F3){ref-type="fig"}A).

![Regulating the spindle orientation via the cell shape and the bilateral intercellular adhesion in the side view. (A) The schematic shows the cell shape and intercellular adhesion of a dividing epithelial cell in the 2D simulation. The cell is stadium-shaped, where the red segments represent the intercellular adhesion region. (B) The snapshots of simulated spindles in the cells with different aspect ratios, but the same adhesive length and adhesive strength (*L* = 12 µm, *k* = 11) (see also Supplemental Movie S3). Scale bar: 5 µm. (C) The spindle orientation quantified by the angle between the spindle axis and the adhesion polarity from (B) is plotted against the aspect ratio of the cell shape (mean ± SE, 50 simulations for each case, the same below). The green dots are the experimental data from [@B7]. The solid line is the fitting of the simulation results by using [Eq. 1](#m1){ref-type="disp-formula"}. (D) The role of the adhesive strength in governing the spindle orientation. (E) The role of the adhesive length in governing the spindle orientation. The curves in D and E can also be fitted by [Eq. 1](#m1){ref-type="disp-formula"} (not shown). (F) Through fitting, the critical aspect ratio *λ~T~* can be obtained, and it is the function of the adhesive strength *k* and adhesive length *L*.](mbc-30-2458-g003){#F3}

It should be noted that the adhesive region actually covers the lateral cylindrical surface of the cell, but the adhesive region becomes the bilaterally symmetric segments of the cortex in the 2D simulations ([Figure 3](#F3){ref-type="fig"}A). We show that the spindle orientation transits from the horizontal to the orthogonal direction with the increase of the cell aspect ratio as the cell area is constant ([Figure 3](#F3){ref-type="fig"}B and Supplemental Movie S3). Specifically, when the aspect ratio is small, the intercellular adhesion dominates, and the spindle orientation is horizontal (*λ* = 1*.*2 in [Figure 3](#F3){ref-type="fig"}B). When the aspect ratio is large, the cell shape dominates, and the spindle orientation is orthogonal, that is, along the apico-basal axis (*λ* = 1*.*8 in [Figure 3](#F3){ref-type="fig"}B). When the aspect ratio is medium, the spindle orientation is controlled by both the intercellular adhesion and the cell shape, and thereby it is slanted (*λ* = 1*.*4 in [Figure 3](#F3){ref-type="fig"}B). When the adhesion parameters are chosen as *k* = 11 and *L* = 12 μm, the results are in agreement with the experimental data from [@B7], where the cell rounding was inhibited to various degrees to control the cell aspect ratio ([Figure 3](#F3){ref-type="fig"}C). The curve can be fitted by a sigmoidal function:

where *α* is the spindle orientation, that is, the angle between the spindle axis and the horizontal direction ([Figure 3](#F3){ref-type="fig"}B); *λ* is the aspect ratio of cell shape; *α*^±^ are the limit values of the spindle orientation (*α*^−^ = 0 and *α*^+^ = π/2); *λ~T~* is the critical aspect ratio of cell shape, that is, the aspect ratio when *α* = (*α*^−^ + *α*^+^)*/*2; and *w~T~* is a constant that reflects the width of the rising segment of the curve. Through fitting the experimental data ([@B7]) with the numerical simulation ([Figure 3](#F3){ref-type="fig"}C), we obtain the critical aspect ratio *λ~T~* = 1*.*36.

###### Movie S3

Orientation of simulated spindles in the cells with bilateral symmetric adhesion and various aspect ratios of the stadium shape. The stadium-shaped cells have the bilateral symmetric adhesion (red marked) whose parameters are k=11 and L=12 µm, and the aspect ratio is given as λ=1, 1.2, 1.4, or 2. In these cases, the stable spindle orientation transits from the horizontal to the orthogonal direction with the increase of the cell aspect ratio as the cell area is constant.

Movie S3

If the level of related proteins, such as E-cadherin or LGN/NuMA, is changed through the regulation of gene expression or corresponding chemical inhibitors ([@B55]; [@B19]), the number of associated dyneins could be changed accordingly. To simulate this case, we can change the binding rate of cortical dyneins in the adhesive region. When the binding rate in the adhesive region is the same as the other region, that is, *k* = 1, the spindle orientation is completely decided by the cell shape (*λ~T~* ∼1). That is, as long as the aspect ratio *λ* is larger than 1, the spindle tends to orient along the orthogonal direction, that is, the long axis of the cell (black line in [Figure 3](#F3){ref-type="fig"}D). With the increase of the binding rate *k* in the adhesive region, the critical aspect ratio *λ~T~* increases ([Figure 3](#F3){ref-type="fig"}D), which indicates that a stronger intercellular adhesion can ensure more planar division in the epithelial tissue.

Moreover, we also change the adhesive length in the simulation to investigate the influence of the size of the adhesion area on the spindle orientation. We find that the critical aspect ratio increases with the adhesive length only when *L* ≤ 12 μm (∼20% of the cell perimeter; [Figure 3](#F3){ref-type="fig"}E), but decreases if the adhesive length increases further ([Figure 3](#F3){ref-type="fig"}E). This is because the polarity of the intercellular adhesion will be weakened when the adhesive length is too long and finally disappears when the whole cell is adhesive. Taken together, a strong adhesion and moderate adhesive length can generate a large critical aspect ratio *λ~T~*, leading to more planar divisions in the epithelial tissue ([Figure 3](#F3){ref-type="fig"}F).

Besides, we have investigated the role of other cortical parameters in the orientation process without adhesion in our recent work ([@B39]). To further investigate how the cortical parameters impact the spindle orientation when cell adhesion exists, we changed the unbinding rate of cortical dyneins as an example (Supplemental Figure S8). We find that the critical aspect ratio increases with the decrease of the unbinding rate. This is because the decrease of unbinding rate of dynein leads to the increase of the pulling--pushing ratio of cortical microtubules ([@B39]), and the adhesion polarity can have a stronger effect. Previously, we have also studied the spindle length regulation ([@B38]). Here we found that the critical aspect ratio increases with the spindle length through increasing the binding rate of cross-linking kinesins (Supplemental Figure S8). This indicates the adhesion polarity can have a stronger influence on the longer spindle.

It should be noted that the lateral adhesion region can be asymmetric due to the apico-basal cell polarity, that is, it is closer to the apical cortex during the interphase ([@B2]). During the mitotic phase, the asymmetry in the lateral adhesion region may remain the same if the cell rounding is inhibited. Therefore, we further assume the adhesive region is asymmetric with 75% of the adhesion region closer to the apical cortex (Supplemental Figure S9). We found the results are similar to the symmetric cases as expected.

The competition between unilateral cell adhesion on E-cadherin--coated substrate and compressed cell shape determines spindle orientation
-----------------------------------------------------------------------------------------------------------------------------------------

Above, we have shown that the competition between the bilateral intercellular adhesion and the cell shape can determine the spindle orientation. We then wondered how the spindle orientation is determined if only one side of the cell adheres to others. Previous studies showed that when the cell adheres to the E-cadherin--coated wall as an artificial intercellular adhesion, the mitotic spindle orientation is perpendicular to the wall ([@B19]). To study this phenomenon, we assumed only the bottom of the cell is the adhesive region ([Figure 4](#F4){ref-type="fig"}A). On the basis of the experimental observation ([@B19]), we assumed that the adhesive length of the round cell is *L* = 7 μm. Simulations show the spindle orientation can be perpendicular to the substrate, which is in good agreement with the experimental result ([@B19]) (the case λ = 1 in [Figure 4](#F4){ref-type="fig"}B; Supplemental Movie S4). This result also confirms that the unilateral adhesion is enough to control the spindle orientation.

![Regulating the spindle orientation via cell compression vs. unilateral intercellular adhesion in the side view. (A) The schematic shows the cell shape and the artificial intercellular adhesion on the E-cadherin--coated matrix in the 2D simulation. The compressing plate above is nonadhesive. The matrix below (green color) is E-cadherin--coated. The cell is stadium-shaped, where the adhesive length (red color) increases with the compression degree. (B) The snapshots of the simulated spindles in the cells with various aspect ratios but the same adhesion strength (*k* = 11) (see also Supplemental Movie S4). Scale bar: 5 µm. (C) The spindle orientation is plotted against the aspect ratio of the cell with various adhesive strengths.](mbc-30-2458-g004){#F4}

###### Movie S4

Orientation of simulated spindles in the cells with unilateral adhesion and various aspect ratios of the stadium shape. The stadium-shaped cells have the unilateral adhesion (red marked) whose parameters are k=11 and that L increases with the aspect ratio, and the aspect ratio is given as λ=1, 1.2, 1.5, or 2. In these cases, the stable spindle orientation transits from the perpendicular to the parallel direction to the adhesion region with the increase of the cell aspect ratio.

Movie S4

Then, we investigated the competition between the unilateral intercellular adhesion and cell shape. If we further use a nonadhesive surface, such as the cantilever beam of the atomic force microscope or microplates, to compress the cell, the cell can elongate in the planar direction and the cell shape polarity could become perpendicular to the vertical adhesion polarity ([Figure 4](#F4){ref-type="fig"}A). We assume that the adhesion area increases with the compression of the cell and further assume the adhesive region of the cell includes the cell surface whose distance to the substrate is less than 0*.*6 μm ([Figure 4](#F4){ref-type="fig"}, A and B).

Similar to [Figure 3](#F3){ref-type="fig"}, we also find the critical aspect ratio increases with the adhesive strength ([Figure 4](#F4){ref-type="fig"}C). In other words, the stronger adhesion can orient more spindles perpendicular to the adhesion region. Unexpectedly, we find the spindle orientation angle α increases with the cell aspect ratio initially and then approaches two platforms one after the other ([Figure 4](#F4){ref-type="fig"}C), especially for large *k*. After the first platform is reached, the cell shape dominates, with the result that the spindle tends to be parallel to the substrate. However, only one spindle pole is mainly pulled by the adhesive region due to the asymmetry of the adhesion, and thereby the spindle is slightly tilted (λ = 1*.*5 in [Figure 4](#F4){ref-type="fig"}B). The first platform is slightly less than π/2. Until the adhesive length is longer than the spindle length, the two spindle poles are equally pulled by the adhesive region (λ = 2 in [Figure 4](#F4){ref-type="fig"}B), and thus the spindle orientation can be parallel to the substrate completely and the second platform is reached. Compared with the bilateral adhesion ([Figure 3](#F3){ref-type="fig"}), the spindle orientation with the unilateral adhesion is dominated by cell shape with a smaller aspect ratio, which indicates that the unilateral adhesion is relatively weaker to overcome the influence of cell shape than the bilateral adhesion.

As a comparison, we can also assume the adhesive length is independent of the cell shape ([Figure 5](#F5){ref-type="fig"}). When the fixed adhesive length is small, the results are similar to [Figure 4](#F4){ref-type="fig"}, that is, the spindle orientation can transit from vertical to parallel direction depending on the degree of the compression of cell shape (*L* = 12 μm in [Figure 5](#F5){ref-type="fig"}A, *L* ≤ 16 μm in [Figure 5](#F5){ref-type="fig"}B, and Supplemental Figure S11). We can also use [Eq. 1](#m1){ref-type="disp-formula"} to fit the results to obtain the critical aspect ratio ([Figure 5](#F5){ref-type="fig"}C) and then also find that a strong adhesion and moderate adhesive length can result in more adhesion-regulated spindle orientations, that is, perpendicular orientations. However, when the fixed adhesion length is large (up to one-half of cell perimeter), the spindle orientation will always be parallel to the substrate no matter what compression degree of the cell shape is (*L* = 24 μm in [Figure 5](#F5){ref-type="fig"}A, *L* = 20 and 24 μm in [Figure 5](#F5){ref-type="fig"}B). This is because the adhesive length is always longer than the spindle length in this case, leading to equal pulling on both spindle poles by the unilateral adhesion ([Figure 5](#F5){ref-type="fig"}A).

![Regulating the spindle orientation via cell compression vs. unilateral intercellular adhesion with the fixed adhesive length. (A) Examples of the simulated spindles in the cells with short and long adhesive regions and various aspect ratios. The adhesive strength is *k* = 11. Scale bar: 5 µm. (B) The spindle orientation is plotted against the aspect ratio of the cell with various adhesive lengths. (C) The curves of spindle orientation vs. cell aspect ratio can also be fitted by [Eq. 1](#m1){ref-type="disp-formula"}, and then the critical aspect ratios *λ~T~* as the function of adhesive length and strength can be obtained. When the adhesive length is very large, the spindle orientation is always parallel to the substrate independently of the cell shape (white region).](mbc-30-2458-g005){#F5}

In addition, we also simulate the case of bilateral adhesion when the adhesive length increases with the cell elongation, and the results are qualitatively the same as the case of bilateral adhesion with the fixed length ([Figure 3](#F3){ref-type="fig"}; Supplemental Figures S11 and S13). We also perform simulations in elliptical cells under the above conditions and find that the results are similar to the stadium-shaped cells (see the Supplemental Materials and Supplemental Figures S10--S13 for details).

The competition between the epithelial TCJs and cell shape determines the spindle orientation in the planar surface
-------------------------------------------------------------------------------------------------------------------

Next, we consider the spindle orientation within the tissue plane ([Figure 1](#F1){ref-type="fig"}C). During the interphase, epithelial cells usually have the polygonal shapes in the top view. In our recent work ([@B39]), we found that the final orientation of spindle is not necessarily along the longest axis in the polygonal cells, but is determined by the radial profile and the symmetry of the cell shape. This general rule can accurately predict the experimental results, in which the sea urchin embryos were forced into microchambers with various shapes ([@B44]). However, since the epithelial cells in tissues become round during the mitotic phases, the cell shape would not be the main determinant of the spindle orientation. [@B3] found that cells can memorize their interphase shapes by TCJs, which can also act as force generators pulling astral microtubules and orienting cell division via the dynein-associated protein Mud (Drosophila homologue of NuMA in mammals) ([@B3]). Therefore, similar to the lateral adhesion, we assume the binding rate of dyneins at the TCJs is higher. Since the astral microtubules are distributed uniformly in the model, the number of microtubules that can reach TCJs are limited and less than the other cortical region. To ensure the sufficient influence of TCJs, we slightly increase the nucleation rate in the direction pointing to TCJs (see *Materials and Methods*). Since the cell completely adheres to surrounding cells from the top view, all the cell cortex except the TCJs are defined as the intercellular adhesion region (*k* = 11) as above.

To test the modified model, we select two typical cell shapes from the experiment ([@B3]), in which the TCJ polarity and the cell shape polarity are consistent and inconsistent, respectively ([Figure 6](#F6){ref-type="fig"}A). The definition of the TCJ polarity and the cell shape polarity is given in the Supplemental Materials ([@B3]). Our simulations show that the spindle can orient along the cell shape polarity without the TCJ mechanism, but along the TCJ polarity with the TCJ mechanism ([Figure 6](#F6){ref-type="fig"}A and Supplemental Movie S5). We further generate 1000 random polygons with the same area and compute the direction angles of the TCJ polarity *θ*~TCJ~ and the cell shape polarity *θ*~shape~ of these shapes. The variance of their difference *θ*~TCJ~ −*θ*~shape~ decreases with the shape anisotropy, while the mean of ~θTCJ~ −*θ~shape~* keeps zero ([Figure 6](#F6){ref-type="fig"}B). Through simulating the spindle orientation in these shapes, we find the TCJ polarity gives better predictions of the spindle orientation than the cell shape when the TCJ mechanism exists ([Figure 6](#F6){ref-type="fig"}D), which is in agreement with the experimental data ([@B3]). Instead, if the TCJ mechanism is not considered, it is better to use the cell shape to predict the spindle orientation ([Figure 6](#F6){ref-type="fig"}C).

![Modification of the model with the epithelial TCJs. (A) The comparison between experiments ([@B3]) and simulations with and without the TCJ mechanism (also see Supplemental Movie S5). The blue, red, and green lines in the experimental images indicate the directions of the cell shape polarity, the TCJ polarity, and the actual spindle orientation, respectively. Scale bar: 5 µm. (B) We randomly generated 1000 polygonal cells and computed the directions of the cell shape polarity and the TCJ polarity. The distribution of the difference between the two directions (*θ*~TCJ~−*θ*~shape~) is in good agreement with the experimental data ([@B3]). (C, D) The difference between the spindle orientation and the cell shape polarity (blue) or the TCJ polarity (red) obtained from the simulations with and without the TCJ mechanism.](mbc-30-2458-g006){#F6}

###### Movie S5

Orientation of simulated spindles in typical polygonal cells with and without the mechanism of tricellular junctions. Two typical cell shapes are selected, in which the tricellular junction polarity (red dotted) and the cell shape polarity are consistent and inconsistent, respectively. The simulated spindle can orient along the cell shape polarity without the tricellular junction mechanism, but along the tricellular junction polarity with the tricellular junction mechanism.

Movie S5

We did not consider the cell rounding during the mitotic phase in the simulations above, because other detailed mechanism is needed to determine the junction positions after the cell rounding. Ideally, the cell shape polarity disappears after the cell rounding. However, in previous experiments, there exist some elliptical cells during the metaphase in the epithelial tissue ([@B48]; [@B3]; [@B71]; [@B60]) mainly due to the anisotropic distribution of mechanical stress on the mitotic cells ([@B16]; [@B77]). For instance, in [Figure 3](#F3){ref-type="fig"}C of [@B16], the spindle orientation is along the TCJ polarity, but perpendicular to the long axis of the elliptical cell. This showed that in this case, the TCJs dominate the spindle orientation when the cell shape polarity and the TCJ polarity are inconsistent. However, what if the cell shape anisotropy is larger?

To answer this question, we select a typical shape that the long axis of the ellipse is perpendicular to the TCJ polarity ([Figure 7](#F7){ref-type="fig"}A). The anisotropy of TCJs can be changed by the distribution of the TCJs. As shown in [Figure 7](#F7){ref-type="fig"}A, the TCJs are distributed symmetrically, the increase of the angle *θ* (*θ* ≤ 30°) can result in the decrease of the TCJ anisotropy, and the anisotropy decreases to 0 when *θ* = 30° (see the Supplemental Materials). We find that for the same TCJ anisotropy, if the anisotropy of the cell shape is small, the spindle orientation tends to be along the TCJ polarity; but if the anisotropy of the cell shape is large, the spindle orientation tends to be along the long axis of the cell ([Figure 7](#F7){ref-type="fig"}A and Supplemental Movie S6).This indicates that the TCJs only dominate the spindle orientation for small anisotropy of the cell shape, which is similar to the circumstance of intercellular adhesion ([Figure 3](#F3){ref-type="fig"}). In the experiments, for example, in [Figure 3](#F3){ref-type="fig"}C of [@B16], the anisotropy of the cell shape is small (*λ∼*1*.*25), and thus the spindle orientation is along the TCJ polarity. As expected, when the TCJ anisotropy is decreased (i.e., *θ* is increased), or the pulling force generated at the TCJ is decreased, the critical aspect ratio of the cell decreases, that is, there are fewer spindles oriented along the TCJ polarity ([Figure 7](#F7){ref-type="fig"}, C--E). The results of the stadium-shaped cells are also similar to the results of elliptical cells (Supplemental Figure S14).

![Regulating the spindle orientation via cell shape and TCJs in the top view. (A) When subjected to anisotropic stress, the rounding cell could exhibit an elliptical shape during the mitotic phase ([@B77]), probably leading to the inconsistency of the TCJ polarity and the cell shape polarity. The schematic shows an example that the long axis of the elliptical cell is perpendicular to the TCJ polarity. (B) The snapshots of the simulated spindles in the cells with different aspect ratios but the same force and anisotropy of the TCJs (*f* = 5 *pN, θ* = 15°). Scale bar: 5 µm. (C) The spindle orientation is plotted against the aspect ratio of the cell shape with various anisotropy of the TCJs. (D) The spindle orientation is plotted against the aspect ratio of the cell shape with various forces generated at the TCJs. (E) The critical aspect ratio *λ~T~* as the function of the anisotropy and the pulling force at the TCJs is obtained by using [Eq. 1](#m1){ref-type="disp-formula"} to fit the curves in C and D and other cases.](mbc-30-2458-g007){#F7}

###### Movie S6

Orientation of simulated spindles in the cells with tricellular junctions and various aspect ratios of the stadium shape. The stadium-shaped cells have the tricellular junctions (red dotted), and the aspect ratio is given as λ=1.2 or 1.8. In these cases, the stable spindle orientation transits from the tricellular junction polarity to the cell shape polarity with the increase of the cell aspect ratio as the cell area is constant.

Movie S6

DISCUSSION
==========

In this work, we focused on the epithelial cell and considered both the cell shape and adhesion geometry to investigate the mitotic spindle orientation in the side view and top view of the epithelial tissue ([Figure 1](#F1){ref-type="fig"}). The positioning and orientation of spindles are mainly driven by cortical forces on astral microtubules, including pushing force and pulling force. The combination of pushing force and pulling force can provide a more robust mechanism for positioning ([@B81]; [@B51]) and orientation ([@B39]). The cytoplasmic pulling by motors along microtubules can also drive the positioning and orientation, but this mechanism is only significant in very large cells during early embryonic development ([@B76]; [@B44]; [@B39]). In normal body cells, the cytoplasmic pulling is negligible. With uniformly distributed astral microtubules, cortical forces on astral microtubules can generate a torque to rotate the spindle to the minimal torque orientation, that is, the long axis of the cell. The larger the cell shape anisotropy is, the stronger the torque becomes. In contrast, the cell adhesion, including the E-cadherin adhesion and TCJs, can induce preferential distribution of microtubules and generate a larger pulling force on microtubules in the adhesion region. The preferential pulling force can also generate torque to rotate the spindle to the direction of adhesion polarity. Shape-generated and adhesion-generated torques can be cooperative or competitive to control the spindle orientation. Therefore, we found that in epithelial cells, the intercellular adhesion dominates the spindle orientation for small anisotropy of the cell shape, but the cell shape dominates for large anisotropy of the cell shape ([Figures 3](#F3){ref-type="fig"} and [8](#F8){ref-type="fig"}A). When the cell adheres to the E-cadherin--coated wall as an artificial intercellular adhesion, the mitotic spindle orientation is perpendicular to the wall ([@B19]) since the adhesion to the E-cadherin--coated surface leads to more pulling force pointing to the adhesion region ([Figure 8](#F8){ref-type="fig"}B). However, if a nonadhesive plate is used to compress the cell, the mitotic spindle may tilt or even become parallel to the surface due to the increase of anisotropy of the cell shape ([Figures 4](#F4){ref-type="fig"} and [8](#F8){ref-type="fig"}B). Therefore, the spindle orientation is determined by the competition between cell shape and the nonuniformly distributed force on the spindle induced by intercelluar adhesion.

![Mitotic spindle orientation is regulated by the competition between cell shape and cell adhesion geometry (or cell polarity) in various mechanical microenvironments, including (A) cells in the epithelium are adhered by surrounding cells; (B) cells are adhered on the E-cadherin--coated matrix; (C) cells are adhered on FN-coated matrix with retraction fibers; (D) cells are pulled by TCJs; (E) cells are polarized by chemical signals.](mbc-30-2458-g008){#F8}

Compared to the E-cadherin--coated matrix ([@B19]), cells that adhered to the FN-coated matrix ([@B53]) have different spindle orientations. In this case, the lateral retraction fibers can generate larger lateral pulling forces on astral microtubules after the cell rounding and thereby the spindle orientation parallels to the surface ([Figure 8](#F8){ref-type="fig"}C). However, when the cell is covered by another FN-coated surface, the spindle orientation tends to be perpendicular to the substrate due to the symmetric distribution of traction fibers on the both adhesive surfaces ([@B53]). No matter whether the cells adhere to one or two parallel FN-coated surfaces, the spindle orientation can also be tuned by the cell shape if the cell shape is further changed by external forces ([Figure 8](#F8){ref-type="fig"}C). Similarly, when cells adhere to various fibronectin micropatterns, although the cells still remain spherical after the mitotic cell rounding, the spindle orientation can be regulated effectively since the direction of the pulling force generated by the retraction fibers can be designed ([@B65]).

Another way to induce the nonuniformly distributed astral microtubules and pulling forces is TCJs ([Figures 7](#F7){ref-type="fig"} and [8](#F8){ref-type="fig"}D), through which cells can memorize their interphase shapes via the dynein-associated protein Mud ([@B3]). Finally, when the spindle is oriented by some polarized chemical signal ([@B62]; [@B74]), we speculate that the spindle orientation can also be changed if the cell is elongated perpendicular to the direction of polarization ([Figure 8](#F8){ref-type="fig"}E). Therefore, the competition between cell shape and cell adhesion could exist under various mechanical microenvironments.

Our results are in agreement with some existing experiment observations ([@B3]; [@B7]; [@B19]). Moreover, we also provided more predictions that could be verified in future experiments. Among currently available experimental methods, the position and size of the adhesion can be controlled by microcontact printing ([@B65], [@B64]); the adhesive strength can be changed by inhibitors or regulation of gene expression; and the cell shape can be manipulated by microfabricated chambers ([@B44]), atomic force microscope, or microplates ([@B53]). Therefore, based on the combination of these methods, our predictions can be further tested, and the competition between the cell shape and the adhesion geometry can be observed and investigated more directly and quantitatively.

The computational model used in this paper was developed based on our recent work ([@B30]; [@B38], [@B39]), and the new version is more general and robust after improvement. Most of the previous models for spindle orientation considered the spindle structure as a bipolar rigid body ([@B64]; [@B16]; [@B44]; [@B56]). In contrast to these phenomenological assumptions, we considered the formation of bipolar spindle structure and the capture and positioning of chromosomes based on the search-and-capture mechanism ([@B45]). Therefore, our model is more general. Although the formation of spindle structure is not necessary to the main conclusion of this paper, it is probably useful in future studies. For example, if the spindle size is changed by the pushing force generated by kinesin-5 or the pulling force on kinetochores, what is the influence on the spindle orientation? Besides, to improve computational efficiency, we used 2D simulations with minimal simplification from the 3D model. The competition we considered is between the planar and orthogonal orientation in [Figure 3](#F3){ref-type="fig"}, or between the parallel direction and perpendicular direction to the substrate in [Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}. Furthermore, the spindle orientation has already been confined to the tissue plane in [Figures 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}. Therefore, 2D simulation is enough for the problems we studied. We did not consider the deformation of microtubules explicitly and only recorded the state and force of microtubules as some previous models ([@B81]; [@B51]), which also largely increased the computational efficiency. Recent studies also found some new forces and structure in spindles, including the bridge, twist, and rotational forces ([@B31]; [@B49]; Tolíc *et al.*, [@B68]), which we did not consider in the current model. In the future, we can include them in our model by considering the deformation of the microtubules.

MATERIALS AND METHODS
=====================

We have developed a general computational model for mitotic spindles in our recent work ([@B38], [@B39]). In the model, microtubules are mainly nucleated from two centrosomes and grow or shrink by the polymerization or depolymerization of their positive ends ([@B81]). Thus, they display the dynamic instability to search the kinetochores on the chromosomes ([@B45]). The polymerization of microtubules can generate pushing forces on the cortex or chromosome arms ([@B9]; [@B51]), and the depolymerization can generate pulling forces on the kinetochore ([@B9]; [@B1]). In the meantime, microtubules can be bound by cortical motors ([@B45]), chromokinesins ([@B5]), cytoplasmic motors (Wu¨hr *et al.*, [@B76]), and sliding motors ([@B47]; [@B22]; [@B8]; [@B40]), all of which can generate various forces on the microtubules (Supplemental Figure S1). Relying on these forces, the spindle can be self-assembled, positioned to the cell center, and oriented along the cell long axis ([@B38], [@B39]). Here, we further improved the model to investigate the spindle orientation.

Nucleation and dynamic instability of microtubules
--------------------------------------------------

During the self-assembly of mitotic spindles, microtubules can be nucleated from the centrosome, or near the chromosomes ([@B32]), or from existing microtubules as branches in the spindle region ([@B54]) (Inset 1 of Supplemental Figure S1). The microtubules nucleated near the chromosomes are converged to the spindle pole by minus end-directed motor proteins, dynein and Ncd ([@B21]), and the branching microtubules have the same polarity with their mother microtubules ([@B54]). Therefore, all microtubules have interactions with the spindle poles. For simplicity, we assume all microtubules are nucleated from the centrosomes as we did before ([@B38]), and there is a higher nucleation rate in the direction from the centrosome to chromosomes. Specifically, in the 2D model, we first assume that each centrosome has a nucleation rate of *k*~0~ and the nucleation direction is uniformly distributed. Therefore, the density of nucleation rate is *k*~0~*/*(2π). Second, we assume that the density of nucleation rate in the direction from the centrosome to chromosomes is higher as *k~n~k*~0~*/*(2π), where *k~n~* is a constant parameter and larger than 1 (Inset 1 of Supplemental Figure S1). This assumption is more reasonable than the original model in which we assumed the extra nucleation in a range of 60° ([@B38]). The positioning and orientation of spindles are regulated by astral microtubules, which are mainly generated by the nucleation rate of *k*~0~ in the model, and the extra nucleation can ensure the bipolar spindle structure is stable.

Microtubules can randomly switch between slowly growing state and fast shrinking state, which is named the dynamic instability and crucial to searching the kinetochore ([@B45]). Here, we assume that the microtubules elongate at a speed of *v*~1~ in the growing state and shorten at a speed of *v*~2~ in the shrinking state. The rescue rate (from shrinking to growing) and catastrophe rate (from growing to shrinking) of microtubules are *k*~1~ and *k*~2~, respectively. These four parameters determine the dynamics of microtubules and are considered as constants in the cytoplasm.

Microtubules interact with cortex
---------------------------------

When a growing microtubule reaches the cortex, its polymerization is blocked, and a pushing force is generated on the cortex ([@B51]) (Inset 3 of Supplemental Figure S1). The pushing force equals the stall force of microtubules *f*~stall~. Since the microtubules are very slender (length ∼10 µm, diameter 25 nm), they can be buckled by the pushing force easily ([@B51]). If we neglect the lateral limitation, the critical force is given by the Euler buckling formula *f~c~* = π^2^*κ/l*^2^, where *κ* and *l* denote the bending rigidity and the length of the microtubule, respectively ([@B51]; [@B30]; [@B38]). After buckling, the growth of the micro­tubule only brings a little increase of the pushing force, thus we assume the pushing force equals the critical buckling force when the microtubule is buckling ([@B30]). Therefore, the pushing force induced by microtubule polymerization is given as

When the microtubules are applied with a pushing force by the cortex, they have a higher catastrophe rate ([@B28]; [@B34].

Besides the pushing force, the cortex can also apply pulling force on microtubules generated by cortical dynein (Inset 3 of Supplemental Figure S1), and the pulling force is crucial to the positioning and orientation of mitotic spindles ([@B35]; [@B3]; [@B19]). The cortical dynein can bind to microtubules touching the cortex at a rate of *k~b~*−, which is usually thought to be proportional to the density of unbound motors. We assume the density of cortical dyneins is uniform, so that *k~b~*− is constant on the cortex. When the cortical microtubule is bound by cortical dynein, the dynein can walk to the minus-end direction of the microtubule driven by the energy of the hydrolysis of ATP and thus generate a pulling force on the microtubule. The force is velocity-dependent as ([@B30]; [@B38])

where and are the stall force and the unloaded velocity of dynein; is the walking velocity of the motor. If we neglect the poleward flux of microtubules, the velocity here equals the velocity component of the centrosome in the microtubule direction. It should be noted that the velocity is positive when the microtubule is shortening, while it is negative when the microtubule is elongating.

The binding dynein can unbind from the microtubule at a rate of *k*~u~^−^, which is load-dependent ([@B5]; [@B30]; [@B38]), as

where is a characteristic force representing the sensitivity of the unbinding rate to the load, and *k*~0~^−^ is the unloaded unbinding rate of dynein. After the unbinding of dynein, the microtubules are in the state of depolymerization ([@B35]).

Force generated by cytoplasmic dyneins
--------------------------------------

Besides above-mentioned motors, some motors walk along the microtubules to carry cargoes in the cytoplasm (Inset 6 in Supplemental Figure S1). These motors mainly generate pulling forces and also play an important role in the positioning and orienting of mitotic spindles ([@B76]; [@B44]; [@B39]). This cytoplasmic pulling force is thought as microtubule length-dependent because more motors can bind to a longer microtubule. It should be noted that the number of binding motors is large, but the velocity of one motor carrying a cargo and walking along the microtubule almost equals the unloaded velocity, which indicates the pulling force generated by a single motor is very small ([Eq. 3](#m3){ref-type="disp-formula"}). Therefore, we simply assume the pulling force induced by the cytoplasmic motors on a microtubule is

where *η* is the pulling force per unit microtubule length and *l* is the total length of the microtubule ([@B38], [@B39]).

Force generated at the intercellular adhesion region
----------------------------------------------------

Experiment studies have found that the E-cadherin can recruit the LGN/NuMA complex ([@B19]; [@B70]). They can bind more astral microtubules and apply larger pulling forces through associated dyneins ([@B61]). Since we have assumed the binding rate of dyneins is proportional to the density of unbound motors, we can assume that the intercellular adhesion region has a higher binding rate of dyneins, which is *k* times higher than that on the other cortex region. The forces generated on microtubules and the other changes of microtubule state are the same as described above ([Eqs. 2](#m2){ref-type="disp-formula"}--[4](#m4){ref-type="disp-formula"}).

Force generated at TCJs
-----------------------

The TCJs can also act as force generators to pull astral microtubules and orient cell division via the dynein-associated protein Mud ([@B3]). When microtubules arrive at the TCJ, defined as the region where the distance from the node is less than 0*.*25 µm, they can bind to dyneins at the TCJs at a larger binding rate of *k~b,a~*. However, microtubules are distributed uniformly, and microtubules that can reach the TCJs are limited and less than the other cortex region. Under such conditions, the influence of TCJs on the spindle is little. Therefore, we assume there is an extra nucleation rate *k~l~k*~0~ along the existing microtubules that have been bound to TCJs to increase the number of microtubules there. Since the extra nucleation rate is much smaller than *k*~0~, the total number of cortical microtubules is almost unchanged. The force generated by TCJs on microtubules is also similar to the cortical dynein, . Here, *f* is the stall force generated by the motor at TCJs and will be regulated as a controlling parameter in the simulations. Besides, this binding can also unbind at a load-dependent rate as Eq. 4.

Bipolar spindle structure and other simulation details
------------------------------------------------------

Based on these mechanical interactions above, the spindle can be positioned and oriented by the cortical cues. Besides, through the interaction between antiparallel microtubules, and the interaction between microtubules and chromosomes based on the search-and-capture mechanism ([@B45]), the bipolar spindle structure can keep stable. More details of model and simulation methods can be seen in the Supplemental Materials.

Compared with the original model, the new version mainly has three improvements. First, in the original 2D model, chromosomes could hinder most of the microtubules from forming antiparallel structures. Therefore, we computed the chromosomes and antiparallel microtubules separately and then superposed them. However, in the 3D case, chromosomes have a finite thickness and thus can only hinder a fraction of microtubules. Thus, we can directly simulate the antiparallel microtubules. Considering the computational feasibility, we still use 2D simulation with a quasi-3D assumption that microtubules can bypass the chromosome. Therefore, they cannot only bind to chromosomes by chromokinesins or kinetochores but also bind to antiparallel microtubules by cross-linkers (Supplemental Figure S1). Second, microtubules can be nucleated from centrosomes, chromosomes ([@B32]), or existing microtubules as branches in the spindle region ([@B54]). The latter two nucleation sites can induce more polar microtubules between the centrosome and chromosomes. For simplicity, we still assume all microtubules are nucleated from centrosomes ([@B38], [@B39]), but the nucleation rate is given higher in the range where the microtubule can meet the chromosomes. In this way, the simulated spindle has a higher density of polar microtubules than that of astral microtubules (Supplemental Figure S2), which is more consistent with the real spindle. Third, we add the microtubule bundling mechanism that the minus-end-directed molecular motor kinesin-14 can cooperate with the plus-end tracker EB1 to guide the growing plus end along the existing microtubule ([@B46]) (Supplemental Figure S1). We assume the microtubule connected on the kinetochore can induce this bundling mechanism. After these improvements, we can perform the dynamic Monte Carlo simulation (Supplemental Figure S3). More details of the model, simulation methods, and parameters (Supplemental Table S1) are provided in the Supplemental Materials.

Supplementary Material
======================
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